We studied contribution of benthic invertebrates to the dissolved phosphates flux from the bottom sediments to the water in an oligotrophic lake (Lake Krivoe, near the White Sea biological station " Kartesh", Northern European Russia) in 2009-2013 
Introduction
Being a key element in DNA and a variety of other biomolecules, phosphorus (P) is a vital element for all living organisms (Westheimer, 1987) and is the limiting element for photosynthetic primary production in freshwater ecosystems (Schindler, 1977; Hecky, Kilham, 1988) . Lake sediments are known to be a long-term sink for P, and its capacity to retain P affects ecosystem productivity to a large degree. The level of sediment oxygen is important for the burial and recycling of dissolved phosphates, and in oxic sediments, usually relatively P rich, low or even negative fluxes (i.e., uptake of dissolved inorganic phosphorus (DIP) with pore water) are often estimated, indicating efficient trapping mechanisms of DIP (Ingall et al., 1993) .
Internal P sources such as P-flux via sediment-water interface by physical, chemical, and biological mechanisms may play important role for producers in lakes with low external load (from catchment areas). At present, the conceptual theory of role of aquatic animals in internal P load in lakes left a lot of unsolved questions, including relationships between efficiency of food assimilation and P regeneration. Non-assimilated phosphorus may be excreted at various proportions, and assimilated phosphorus is also may variably be released with metabolites. Phosphorus used for the somatic growth (containing in benthic biomass) may later be included in the P cycling through food web interactions.
It was shown that benthic animals can release dissolved phosphates from oxic sediment through their excretory activity (Ji et al., 2011) .
They can excrete P directly by egestion, releasing particulate phosphorus with feces and dissolved phosphorus with urine. P release rate was found to be a function of the mass of animals' body (Schindler, Eby, 1997; Golubkov, Berezina, 2012) and P content in their food (Vanni, 2002; Griffiths, 2006) . Also, P content in the body of aquatic animals correlates positively with P excretion rate (Torress, Vanni, 2006) .
Differences in the P excretion rate between
diverse benthic taxa determine their function in ecosystem and might be important for understanding of their role in nutrient cycling.
For example, the mobile benthic amphipod
Gammarus lacustris Sars, 1863 released notably more P (Wilhelm et al., 1999) than infaunal burrowing chironomids (Tarvainen et al., 2005) .
In addition, quantification of the role of benthic macrofauna as suppliers of dissolved phosphates and their bioavailability for algae and bacteria is necessary. It is considered that aquatic animals release dissolved phosphorus in the form of soluble reactive orthophosphates (SRP), which is almost completely available for algae (Vanni et al., 2001 ). On the other hand, some studies found that dissolved P fraction was excreted in organic form by some amphipods and tubificids (Johannes, 1964; Gardner et al., 1981) . In this case, direct relationships between P excreted by animals and enzymatic activity of bacteria and algae could be expected.
It is known that bacteria and microalgae produce extracellular phosphatases to hydrolyze organic phosphorus for compensation of ambient available phosphorus deficiency in lake system (Cao et al., 2005) . Also, it had been shown that some aquatic animals can affect the activity of the extracellular enzymes of bacteria or algae (Vrba, Machacek, 1994; Luo, Gu, 2016) . For example, burrowing mangrove crab impacted the sediment nutrient cycling, thereby accordingly changing enzymatic activity (including acid phosphatase) and number of bacteria (Luo, Gu, 2016) .
By present, there is some data on spatial and seasonal variability of dissolved phosphorus release by zoobenthic taxa in eutrophic ecosystems (Devine, Vanni, 2002; Ji et al., 2011 Ji et al., , 2015 , but there is no any quantitative data on benthic animal's contribution to internal P flux in oligotrophic lakes. Low-populated northern region of Russia is rich in clear-water lakes (more than 60 000 lakes) that are characterized by scarce external load and low production. This paper focuses on study of biological mechanisms of dissolved phosphate release in sedimentwater interface in oligotrophic lake. The study was performed in high-latitude freshwater lake, situated in the northern Karelia on White Sea coast (Lake Krivoe). Main purposes include: study of differences in P excreted among and within taxa; evaluation of their contribution to the P flux; quantification of spatial and seasonal variability of benthic biomass and excreted phosphorus in the lake. Furthermore, we verified experimentally idea that excretory activity of benthic animals can influence the extracellular phosphatase activity and, therefore, stimulate growth of producers.
Material and methods

Study lake
Lake Krivoe (66º21´ N, 33º38´ E) is subarctic oligotrophic small lake, located on the shore of Chupa Bay, White Sea near Cape Kartesh, Northern Russia (Fig. 1) . This lake is the most typical lake on the Baltic crystal platform (Table 1) Petersen's marking method (Ricker, 1975) . This species inhabits the deepest part (10 %) of the lake, where traps were hanged. Two hundred marked individuals (M) were released into the lake in the 6x6 m 2 area within location of this species (St 1).
Marks were made by light mutilating on third left coxal plate of each amphipod. Four days after this irregularly. Therefore, they were not used in measurements within the frame of this study.
1 Some authors consider that Sphaerium suecicum is a synonym of S. corneum Linnaeus 1758 (Vinarski, Kantor, 2016) . The taxonomy of genus Sphaerium needs further clarification, so individuals from Lake Krivoe, used in our experiments, were identified as S. suecicum.
The P exc by some aquatic insects and other species from the lake were provided in (Golubkov, Berezina, 2012 ).
The excretion rates of dissolved orthophosphates P-PO 4 3-(soluble reactive phosphorus, SRP) were estimated by the method described earlier (Devine, Vanni, 2002; Ji et al., 2011) . The P excretion rate was measured in each taxon separately, using from 1 to 20 individuals of each species and increasing the number from larger to smaller individuals. The animals were put in 50-120 ml bottles filled with filtered (through a 0.45 µm pore size membrane filter) lake water and were incubated in the dark during four hours at temperatures 20 °C and 10 °C. The control (bottles without animals) was incubated at the same conditions to find changes in the nutrient due to other reasons than animals' activity.
P excretion rate (P exc , µg P h ) was further used for calculations of benthic P efflux rate. Total P efflux
) was calculated as a sum of SRP released by each taxon for 24 h multiplied by its biomass in the lake.
The value of the temperature coefficient (Q 10 ) was calculated for each species by the formula:
10/(T2-T1) , where R n is the SRP excretion rate at the temperature T n (°C), using the rates measured at T 10 °C and 20 °C. It characterizes the rate of an increase in P exc for every 10-degree rise in water temperature. Particularly, it shows P exc differences between warm and cold periods.
This coefficient was used at calculations of P efflux at different water temperature (seasonal changes).
To measure the alkaline phosphatase activity (APA) we performed 4 h exposition of bottles filled with lake water without and with fieldcollected 3-15 ind. of the amphipod G. lacustris.
The experiments were performed as described above but at light and 20 °C.
APA and SRP in water and weight of animals were measured immediately after experiment.
Phosphorus and phosphatase activity measurements
Phosphorus that reacted with ammonium molybdate was considered to be soluble reactive inorganic phosphorus (SRP). SRP in water was estimated using a standard method with photocolorimetry (Murphy, Riley, 1962) . The total phosphorus (TP) was determined by the method established by Golterman et al. (1978) .
Bulk extracellular alkaline phosphatase
) in the water samples was determined using a procedure modified from Gage and Gorham (1985) and Boon (1989) . APA was determined in unfiltered samples. Triplicate (Winberg, 1975) (Fig. 2) . Also, lake ice ) in August, with a maximum in the bottom water (Table 2) . Abundance and biomass
Results
Lake characteristics
of zoobenthos in lake
The total biomass of macrozoobenthos varied between 0.2 and 23 g m -2 (wet weight)
achieving maximum in littoral sites (Fig. 3) . 
Significant differences in the total biomass
were found between littoral and deep sites in Biomass of littoral chironomid larvae was < 5 % of total in summer and increased to 15−32 % (up to 2.5 g·m -2 ) in the late AugustOctober (Fig. 4) . Aquatic insects (Trichoptera, Plecoptera, Megaloptera, and Ephemeroptera)
were abundant in April-May (3.27 g·m The average dry body weight (DW) and mass specific excretion rates (P exc /DW) of animals differed between taxa (Table 4) . Amphipods ). Differences in average P efflux between littoral sites as well as between deep sites were insignificant (p > 0.05; Table 3 ).
At the same time, littoral benthos contributed 57-62 % to the total P-efflux (2.5 μmol m 
Discussion
Positive relationships between P excretion rate and body mass of organisms are confirmed by this study as well as by other empirical data for different taxa: fish, zooplanktonic and benthic organisms (Johannes, 1964; Gutelmakher, 1981; Andersson el al., 1988; Schindler, Eby, 1997; Griffiths, 2006) . We found differences in individual P excretion rates between taxa of high taxonomic ranks (class, order or family), such as Oligochaeta, Mollusca, and Chironomidae. Also, within order Amphipoda we found interspecies differences in P excretion rates between littoral G. lacustris and deepwater G. loricatus. Most likely, these differences related to differences in specific metabolic rates between these species.
Conroy et al. (2005) also found differences in
P excretion rates between species of the genus
Dreissena.
Amphipods were main contributor of P efflux from the bottom to water in studied lake, where 70−90 % of P released due to excretion of Figure 7 amphipods and rest on account of other taxa. In contrast, in eutrophic lakes (Acton, Donghu) P fluxes in oxic sites were determined, as a rule, by excretory activity of chironomids and tubificids (Devine, Vanni, 2002; Ji et al., 2011) .
The variations in the P excretion rates are not only relate to characteristics of individual species/taxa but also reflect the character of environments. The obtained data confirmed that level of P excretion rate in benthic animals depends on water temperature. These relationships cause the seasonal differences in P fluxes that were found also in other studies of zooplankton (Oude, Gulati, 1988) and zoobenthos (Devine and Vanni, 2002; Postolache et al., 2006) .
The highest rate of the P efflux by excretion of benthic invertebrates was recorded in the littoral of studied lake and the lowest in the central sites. The greater P fluxes at littoral sites in comparison with central sites were also found in other lakes (Devine, Vanni, 2002; Ji et al. 2011 Ji et al. , 2015 . Difference in P flux between central and littoral sites in small lakes is obviously the result of spatial differences in physical and chemical traits, trophicity, and zoobenthic biomass.
Mobile benthic animals such as amphipods occurred to be able to influence the activity of extracellular alkaline phosphatase, raising its level in the water. These enzymes are produced by bacteria and algae and can catalyze the hydrolysis of soluble organic phosphorus, probable excreted by aquatic animals. It is widely known that activities and ratios of commonly measured enzymes can be used as indicators of microbial nutrient demand (Crowther et al., 2011) .
Influence of invertebrates on the extracellular enzymes, which are responsible for the decomposition of organic matter and the cycling of nutrients, was found as notable in some other cases. Burrowing mangrove crabs could directly impact the nutrient cycling in mangrove sediment, thereby accordingly changing the microbial activity including enzymatic activity and microbial abundance (Luo, Gu, 2016) .
Extracellular enzyme activity is not only affected by environmental conditions but, also, reflects the available resources for algae and bacteria.
Animal excretory products could be not only in forms of DIP, but also dissolved organic P (DOP) and even particulate P fractions; and they may be highly bioavailable (Karl, Björkman, 2002; Stepanauskas et al., 2002; Nausch, Nausch, 2007) . Plankton algae and bacteria producing their own phosphatases can facilitate liberation of bioavailable P from DOP compounds by phosphatase-catalysed hydrolysis (Wetzel, 2001; Chrost, Siuda, 2002) . Phosphatase activity commonly occurred as high in environment, where ambient P is scarce (Healey, Hendzel, 1980; Pettersson, 1980; Gage, Gorham, 1985) as well as in the hyper-eutrophic ecosystem (urban Lake Donghu) at ample P concentrations (Zhou et al., 2007; Cao et al., 2005) . Thus, the high activity of phosphatase in the water due to excretory activity of benthic organisms may testify about P acquisition (Sinsabaugh et al., 2012) and high bioavailability of excreted phosphates, facilitating of bacteria and algae growth and important for P cycle in water.
Conclusion
Despite the fact that phosphorus is the most studied of nutrients in the freshwater ecosystems, this study provides new evidences 
